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1,2 Spin injection in a lateral geometry is favored over more ubiquitous vertical structures used in tunneling magnetoresistance devices 3, 4 since lateral structures offer a larger degree of freedom in their fabrication and the possibility of integration with other conventional lateral semiconductor devices. All-metal lateral spin valves fabricated by electron-beam lithography have already been demonstrated; 5, 6 however, semiconductor-based lateral spin valves with ferromagnetic ͑FM͒ contacts serving as the injector and collector have remained elusive. [7] [8] [9] In this letter we provide evidence of spin injection and collection in a hybrid ferromagnet-semiconductor heterostructure with a lateral device geometry. The variation of magnetoresistance ͑MR͒ with channel length, bias, and temperature has been studied in detail. The results are explained in the framework of spin injection, transport, and collection along with micromagnetic simulations.
The spin-valve heterostructures were grown by molecular-beam epitaxy on semi-insulating GaAs͑001͒ substrates ͓Fig. 1͑a͔͒. A 150 nm Si-doped n-GaAs channel layer was grown at 600°C, followed by a 30 nm graded doping n + -GaAs contact layer grown at the same temperature, after which the substrate temperature was ramped down for FM MnAs deposition. The doping concentration ͑N D ͒ profile along the vertical cross section as estimated from growth conditions is shown in Fig. 1͑a͒ . The narrow heavily doped region beneath MnAs creates a triangular tunnel contact, increasing the spin-injection efficiency. 10, 11 The channel doping ͑N D =1ϫ 10 17 cm −3 ͒ was optimized to ensure a large spin-relaxation time at low temperatures. 12 It is well known that two orientations of MnAs may be realized on GaAs͑001͒ substrates depending on the growth conditions during nucleation. 13 For the present work, we selected an As-rich template for growth of a 90 nm type-A MnAs film, which yields the following epitaxial relationship: ͓1120͔MnAs ʈ ͓110͔GaAs and ͓0001͔MnAs ʈ ͓110͔GaAs. A very low growth rate ͑10 nm/ h͒ and substrate temperature ͑200°C͒ were used during growth of the first few monolayers of MnAs. After the nucleation phase, the growth rate and substrate temperature were both increased to 40 nm/ h and 250°C, respectively. An in situ anneal under an As 4 flux was performed at 350°C to improve the structural and magnetic properties of the MnAs film. The thickness of the MnAs film. ͑90 nm͒ was chosen appropriately so as to maximize the saturation magnetization and suppress the formation of cracks which complicate device fabrication. Superconducting quantum interference device ͑SQUID͒ magnetometry measurements yield coercivities of 210 Oe along the easy magnetization axis ͓110͔ and ϳ2.8 T along the hard axis ͓110͔ of an as-grown unpatterned sample, which are comparable to those reported by others. Lateral spin valves of channel lengths L chan = 0.5, 0.7, 1.0, and 1.5 m with polarizer ͑P͒ and analyzer ͑A͒ contact length-to-width aspect ratios ͑L / W͒ of 10 and 2, respectively, were fabricated using conventional wet and dry etching, photolithography, and metallization techniques. SQUID magnetometry measurements as well as finite difference micromagnetic simulations 16 using parameters optimized for our growth conditions confirm that a coercive field difference is readily obtained by varying the MnAs contact aspect ratio. The following three control devices were also fabricated to conclusively confirm spin-valve behavior in devices with different contact aspect ratios: ͑1͒ symmetric devices with L chan = 0.5 m and identical aspect ratios for both contacts ͓͑L / W͒ A = ͑L / W͒ P =2͔, ͑2͒ ferromagnetic MnAs/nonmagnetic GaAs/nonmagnetic GaAs ͑F / N / N͒ lateral devices with L chan = 0.5 m, and ͑3͒ nonlocal 5 spin valves with L chan =1 m. Devices identical to the lateral spin valves without the nonmagnetic GaAs channel are also fabricated to estimate the contribution from anisotropic magnetoresistance ͑AMR͒ to the overall MR. The spin-valve devices operate on the principle that the polarizer, maintained at a negative bias with respect to the analyzer, injects electron spins predominantly of one spin orientation, which are subsequently detected by the analyzer. The polarizer and analyzer efficiencies change to a different extent with changing magnetic field ͑H͒ by virtue of their different coercivities, which is manifested as a change in resistance.
The magnetoresistance, defined as MR͑H͒ = ͓R ↑↑ ͑H sat ͒ − R ↑↓ ͑H͔͒ / R ↑↑ ͑H sat ͒, of the spin valves and control devices were measured for various L chan , temperatures ͑T͒, and bias conditions ͑I B ͒ using a standard four-probe ac lock-in technique. Figure 1͑b͒ shows MR for spin valves having different ͑asymmetric͒ and identical ͑symmetric͒ aspect ratios of the FM contact pads with L chan = 0.5 m at T = 10 K and I B = 5.5 mA. The MR for the asymmetric device peaks at 3.6% for ͉H͉ϳ700 Oe in both directions of the magnetic field sweep. The MR peaks correspond to antiparallel magnetization of the MnAs pads arising from their coercive field difference. The change of MR with magnetic field is gradual, and the change is very large even before there is any substantial change in net contact magnetization. Micromagnetic simulations of our device and the orientation of magnetic domains at the edge of the FM contacts, which are the domains responsible for spin injection, at different points of the corresponding hysteresis are shown in Fig. 2 . It is found that the domains at the very near edge of the channel start responding to H much earlier ͑even before H =0͒, 17 but owing to their small contribution to the overall magnetization it is not observable in the hysteresis data. This explains the discrepancy between the MR plot and SQUID magnetization data. Furthermore, the gradual rotation of domains explains the gradual change in MR with H. There is no noticeable magnetoresistance ͑peak MRϳ 0.04% and ⌬R peak ϳ 3.5 m⍀ at H =0͒ for the symmetric device which demonstrates the spin-valve effect in our devices. The MR for the F / N / N lateral devices is also found to be negligible ͑not shown͒ which further confirms that the MR in our devices is due to the spin-valve effect only. The measured MR of the nonlocal spin valve as a function of magnetic field is shown in Fig.  3͑a͒ . The nonlocal spin valve removes the AMR contribution and the Hall effects of the ferromagnetic electrodes. 5 The MR for the nonlocal spin valves show a similar change with varying magnetic field as the conventional spin valve. A ⌬R peak Ϸ 66 ⍀ was measured for a L chan =1 m nonlocal spin valve under the same operating conditions as for the conventional spin valve. This value is 2.3 times smaller, compared to the theoretically predicted factor of 2 for a transparent barrier, 5 than the value measured for a similar conventional spin valve. We have not observed any difference between the shapes of the ⌬R curves in the two cases, which indicates that any stray AMR contribution that might be present is too small to appear considering the magnitude of the MR measured in the above cases. To precisely estimate the anomalous AMR contribution, MR measurements were done on a strip of MnAs contact ͑L / W =12͒ fabricated identically to the conventional spin valve but without a GaAs channel. Figure 3͑b͒ shows the MR for such a device under identical bias conditions as for the conventional spin valve. The measured ⌬R peak Ϸ 3 m⍀ at zero magnetic field is five orders of magnitude smaller than the value measured for the spin valve. This explains the similarity of the shape of the curves observed in conventional and nonlocal spin valves. The near-zero response ͓Fig. 1͑b͔͒ measured for the symmet- ric spin valves indicates that the MR in these devices result from stray effects. Figure 4͑a͒ shows that the peak MR for the conventional spin valve varies exponentially with L chan , which indicates that spin transport is diffusive in the channel. 18, 19 As L chan is decreased, the number of spin-polarized electrons that reach the analyzer before spin relaxation increases, yielding a larger peak MR. Figure 4͑b͒ shows the temperature dependence of the peak MR under different bias voltages. Five spin valves across various grown and processed samples with L chan = 1.0 m were measured under identical experimental conditions, and the results are highly reproducible. The peak MR increases with decreasing temperature for a fixed bias voltage due to increase in average spin-relaxation time and hence spin-flip length. The increase in MR with bias, contrary to theoretical predictions, 20, 21 can be explained by considering the effect of spin injection through a tunnel barrier at higher bias values. The depletion region width for the electrons to tunnel through decreases with increasing bias, leading to efficient spin injection from the polarizer. In contrast the analyzer efficiency does not change much with bias. This leads to the overall increase in MR at high bias. However, MR values higher than those shown in Fig. 4͑b͒ could not be attained since most of our devices suffered breakdown for an applied current bias greater than 5.5 mA.
Expected spin injection and MR values at T = 10 K and I B = 5.5 mA for a 0.5 m channel length spin valve, calculated using the simple diffusive injection model in Ref. 18 with experimentally determined values for the model parameters and appropriate value for bulk spin polarization ͑␤͒ from Ref. 15 , are found to be 0.04% and Ͻ0.01%. The value of MR ͑ϳ3.6% ͒ measured in this study is much larger, which indicates efficient spin-polarized carrier injection by tunneling through the Schottky barrier in our devices. Large spin-injection efficiencies of 32% have also been reported for similar Fe/ AlGaAs Schottky tunnel barrier contacts as determined from the electroluminescence polarization of spinpolarized light-emitting diodes. 22 In summary, we have conclusively demonstrated the spin-valve effect in a lateral MnAs/ GaAs device and have investigated the temperature, bias, and channel length dependence of the observed magnetoresistance. A peak magnetoresistance of 3.6% was observed at 10 K in a 0.5 m channel length spin valve, and a finite magnetoresistance can be seen for temperatures up to 125 K. These results provide experimental verification of spin injection and collection in a lateral structure and can serve as a benchmark for future spinbased devices. 
